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Precision 
measurements in 

the neutrino sector

Ideal places to investigate rare 
neutrino interactions

Reduce systematic 
uncertainties

✦ Flux
✦ CC and NC cross sections
✦ Backgrounds

High beam luminosity + 
Large fiducial mass

σ < 10−44 cm2

✦ Test SM predictions
✦ Search for BSM physics

Neutrino sector 
under scrutiny
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νμ CC Total

νμ NC Total

1.64 × 106

5.17 × 105

νμ − e 135

Events per ton-year

Alan’s talk

What about rare 
neutrino 

scatterings?
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Production of a charged lepton 
pair from the inelastic neutrino 

scattering in the Coulomb field of 
the nucleus

να + ℋ → να or κ(β) + ℓ−
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κ + ℋ

M. A. Kozhushner et. al.1962
W. Czyz et al. 1964
Lovseth et al, 1971
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Production of a charged lepton 
pair from the inelastic neutrino 

scattering in the Coulomb field of 
the nucleus

να + ℋ → να or κ(β) + ℓ−
β + ℓ+

κ + ℋ

ℋ

ℋ

να

ℓ−
β ℓ+

κ

γ

να or κ(β)

PRL 66 (1991) 3117

CHARM II

CCFR

PLB 245 (1990) 271

σCHARM II

σSM
= 1.58 ± 0.57

σCCFR

σSM
= 0.82 ± 0.28

Vancouver 1998, High 
energy physics, vol. 1

NuTeV
σNuTeV

σSM
= 0.67 ± 0.27

M. A. Kozhushner et. al.1962
W. Czyz et al. 1964
Lovseth et al, 1971

νμ → νμ μ+μ−
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W. Altmannshoffer et. al., 2014 Z’ constraints from trident

G. Magill and R. Plestid, 2016

G. Magill and R. Plestid, 2017

Rates at DUNE ND 

Charged scalars 

S.F. Ge et. al., 2016 
Tridents produced by 
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Equivalent Photon 
Approximation 

(EPA)

W. Altmannshoffer et. al., 2014 Z’ constraints from trident

G. Magill and R. Plestid, 2016

G. Magill and R. Plestid, 2017

Rates at DUNE ND 

Charged scalars 

S.F. Ge et. al., 2016 
Tridents produced by 
atmospheric neutrinos

Overestimates the cross section in 
some cases by more than 200%.
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H H

γ

(−)

να

(−)
να or κ(β)

ℓ+κ

ℓ−β

H

(−)

να

(−)
να or κ(β)

ℓ+κ

ℓ−β

H

γ

p1

P

q

P ′

p4

p3

p2

να(p1) + ℋ(P) → να or κ(β)(p2) + ℓ−
β (p4) + ℓ+

κ (p3) + ℋ(P′�)

Observed!
4-point limit

Vαβκ(Aαβκ) ≡ gβ
V(gβ

A)δβκ + δαβ

Interference between 
CC and NC
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Hμν
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Q4

Differential 
cross sections
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d2σνX

dQ2d ̂s
=

1
32π2(s − M2

ℋ)2

Hμν
X Lμν

Q4

Hadronic Tensor
Leptonic Tensor

Momentum 
Transfer

̂s ≡ (p1 + q)2s ≡ (p1 + P)2

d2σνX

dQ2d ̂s
=

1
32π2

1
̂s Q2 [hT

X(Q2, ̂s) σT
νγ(Q2, ̂s) + hL

X(Q2, ̂s) σL
νγ(Q2, ̂s)]

Transversal Longitudinal

We can separate 
photon contributions

It depends on 
scattering regime

Center-of-mass energy 
of the total system

Center-of-mass energy 
of the neutrino-photon 

system

Differential 
cross sections
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Coherent

Hμν
c = 4Z2e2 F(Q2)

2 (Pμ −
qμ

2 ) (Pν −
qν

2 )
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Coherent

Hμν
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Coherent

σ0 = Z2 ⋅ 10−44 cm2
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Hμν
d (P, P′�) = Z Hμν

p (P, P′�) + (A − Z ) Hμν
n (P, P′�)d2σνd

dQ2d ̂s
→ f ( | ⃗q | )

d2σνd

dQ2d ̂s
Diffractive
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Hμν
d (P, P′�) = Z Hμν

p (P, P′�) + (A − Z ) Hμν
n (P, P′�)

Pauli Blocking

d2σνd

dQ2d ̂s
→ f ( | ⃗q | )
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Can we obtain an approximate cross section?

EPA

σt(Pi + Cs → Pf + Cs) ≈ ∫ dP(Q2, ̂s) σγ(Pi + γ → Pf; ̂s, Q2 = 0)

Fermi, 1924 
Weizsacker, Williams, 1934
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Can we obtain an approximate cross section?

EPA

Assumptions

✴ Longitudinal contribution can be neglected

✴ Transverse contribution can be taken as on-shell

σL
νγ(Q2, ̂s) ≈ 0

σT
νγ(Q2, ̂s) ≈ σT

νγ(0, ̂s)

Incoming particle 
with a real photon

σt(Pi + Cs → Pf + Cs) ≈ ∫ dP(Q2, ̂s) σγ(Pi + γ → Pf; ̂s, Q2 = 0)

Energy spectrum of 
the off-shell photons 

Fermi, 1924 
Weizsacker, Williams, 1934
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σEPA = ∫
̂smax

m2
L

∫
Q2

max

( ̂s/2Eν)2

σT
νγ(0, ̂s) dP(Q2, ̂s) dP(Q2, ̂s) =

Z2e2

4π2
|F(Q2) |2 d ̂s

̂s
dQ2

Q2

Photon spectrum

Assumptions

✴ Longitudinal contribution can be neglected

✴ Transverse contribution can be taken as on-shell

σL
νγ(Q2, ̂s) ≈ 0

σT
νγ(Q2, ̂s) ≈ σT

νγ(0, ̂s)

Trident case

Fermi, 1924 
Weizsacker, Williams, 1934
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dP(Q2, ̂s) =
Z2e2

4π2
|F(Q2) |2 d ̂s

̂s
dQ2

Q2

Kinematical Limits

Photon spectrum

Assumptions

✴ Longitudinal contribution can be neglected

✴ Transverse contribution can be taken as on-shell

σL
νγ(Q2, ̂s) ≈ 0

σT
νγ(Q2, ̂s) ≈ σT

νγ(0, ̂s)

Trident case

Fermi, 1924 
Weizsacker, Williams, 1934

Qcut =
ΛQCD

A1/3
Qcut < Qmax

σEPA = ∫
̂smax

m2
L

∫
Q2

cut

( ̂s/2Eν)2

σT
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dP(Q2, ̂s) =
Z2e2

4π2
|F(Q2) |2 d ̂s

̂s
dQ2

Q2

Kinematical Limits

Photon spectrum

Does it work?

Assumptions

✴ Longitudinal contribution can be neglected

✴ Transverse contribution can be taken as on-shell

σL
νγ(Q2, ̂s) ≈ 0

σT
νγ(Q2, ̂s) ≈ σT

νγ(0, ̂s)

Trident case

Fermi, 1924 
Weizsacker, Williams, 1934

Qcut =
ΛQCD

A1/3
Qcut < Qmax

σEPA = ∫
̂smax

m2
L

∫
Q2

cut

( ̂s/2Eν)2

σT
νγ(0, ̂s) dP(Q2, ̂s)

}
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σt(Pi + Cs → Pf + Cs) ≈ ∫ dP(Q2, ̂s) σγ(Pi + γ → Pf; ̂s, Q2 = 0)

Does it work?
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γ (Pi + γ → Pf; ̂s,0) ∝

1
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Decreases with 
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Does it work?
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EPA not valid for trident, right? σL(Q2, ̂s) hL
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EPA not valid for trident, right? σL(Q2, ̂s) hL
c (Q2, ̂s)

σT(Q2, ̂s) hT
c (Q2, ̂s)

Eν = 3 GeV

σT
νγ(Q2, ̂s)
σT

νγ(0, ̂s)

Longitudinal 
contribution 

negligible

Transverse 
almost as on-

shell

 Kinematically 
allowed region

Physical cutoff on the 
momentum integration

Form factor cuts 
the Q integration 
in a region which 

EPA works 
reasonably
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EPA not valid for trident, right? ℛ =
σEPA(Eν) |Qcut

σ4PS(Eν)
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EPA not valid for trident, right? ℛ =
σEPA(Eν) |Qcut

σ4PS(Eν)
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Yes.

Compute the full 4PS cross sections
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Nψ
X = Norm × ∫ dEν σνX(Eν)

dϕν(Eν)
dEν

ϵ(Eν)
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Nψ
X = Norm × ∫ dEν σνX(Eν)

dϕν(Eν)
dEν

ϵ(Eν)

Assuming 100% 
efficiency

mode modeν ν

Exposure [POT] ×
Fiducial Detector Mass × NA

mT
[target particles]

Exposure = 1.83 × (3 + 2 × 2) × 1021 POT
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Coherent

Diffractive

mode modeν ν

Not seen yet

Compare order 
of magnitudes

Not seen yet

Large 
contributions of 

diffractive events

Exposure = 1.83 × (3 + 2 × 2) × 1021 POT



Kinematical Distributions
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m2
ℓ+ℓ−Invariant charged lepton masses

Tool for 
background 
suppressionPeaked distributions

Flux integrated 
distributions

All channels with same 
final states

Small values

EPA gives also 
misleading 
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Flux integrated 
distributions

All channels with same 
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ΔθSeparation angle
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✦ misID μ+μ− νμCC1π±

e+e− NCπ0

e±μ∓ CCπ0

Goal: Reach suppressions of order 𝒪(10−6 − 10−5)

CCγ νeCCπ±

misID Hadronic veto Kinematic cuts

✦ No hadronic activity

✦  m2
μ+μ− < 0.2 GeV2, Δθ < 20∘, θ± < 15∘

A more 
careful 

analysis is 
needed

Efficiencies after cuts
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Conclusions

• A full 4PS computation is required to obtain correct estimates for the number of 
events.

• Let us stress that the EPA gives a reasonable result for the dimuon channel due to a 
serendipitous behavior of the Form Factor.

• EPA can artificially suppress the coherent scattering contribution and increase the 
diffractive one giving rise to an incorrect rate and distributions of observable 
quantities.

• We have estimated the background for each trident channel via a Monte Carlo 
simulation using GENIE, and identified the dominant contributions arising primarily 
from particle misidentification.

• Reduction of ~6 orders of magnitude x CC in the background is necessary to observe 
trident events at DUNE ND. A more careful analysis is needed.
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Thank you!
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Coherent vs Diffractive
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Kinematical Distributions
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Events at other ND facilities
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